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Abstract 
Slippage in the contact roller-races has always played a central role in the field of diagnostics of 
rolling element bearings. Due to this phenomenon, vibrations triggered by a localized damage are 
not strictly periodic and therefore not detectable by means of common spectral functions as power 
spectral density or discrete Fourier transform. Due to the strong second order cyclostationary 
component, characterizing these signals, techniques such as cyclic coherence, its integrated form 
and square envelope spectrum have proven to be effective in a wide range of applications. An 
expert user can easily identify a damage and its location within the bearing components by looking 
for particular patterns of peaks in the output of the selected cyclostationary tool. These peaks will 
be found in the neighborhood of specific frequencies, that can be calculated in advance as functions 
of the geometrical features of the bearing itself. Unfortunately the non-periodicity of the vibration 
signal is not the only consequence of the slippage: often it also involves a displacement of the 
damage characteristic peaks from the theoretically expected frequencies. This issue becomes 
particularly important in the attempt to develop highly automated algorithms for bearing damage 
recognition, and, in order to correctly set thresholds and tolerances, a quantitative description of the 
magnitude of the above mentioned deviations is needed. This paper is aimed at identifying the 
dependency of the deviations on the different operating conditions. This has been possible thanks to 
an extended experimental activity performed on a full scale bearing test rig, able to reproduce 
realistically the operating and environmental conditions typical of an industrial high power electric 
motor and gearbox. The importance of load will be investigated in detail for different bearing 
damages. Finally some guidelines on how to cope with such deviations will be given, accordingly to 
the expertise obtained in the experimental activity. 
1. Introduction 
Localized faults on a rolling element bearing are generally detected by identifying specific 
components in vibration signals, measured on the casing of the machine where the device is 
mounted. Each time the damaged area comes into contact with another surface, an impulsive 
excitation is generated, triggering vibrations in the whole metallic structure of the machine. 
Antoni [1] showed how those vibration components belong to the family of the 2
nd
 order 
cyclostationary signals, characterized by a quasi-periodic behavior. Slippage in the contact rollers-
races is responsible for the non-exact periodicity of the subsequent contacts of the damaged 
component with the others. 
However it is still possible to define the so-called cyclic frequency, representing the average 
frequency of the quasi-periodic phenomenon. In particular, different sets of cyclic frequencies [2] 
are characteristic of damages on each bearing component (inner ring, outer ring, rollers and cage). 
Those cyclic frequencies are calculated on the basis of the nominal geometric dimensions of the 
bearing, on the assumption of zero slip, since the delay/anticipation cause by the slippage, called 
jitter, is modeled as a zero mean, delta-correlated process [3]. 
Different 2
nd
 order cyclostationary tools have been developed to extract information on the cyclic 
frequency domain, resulting in spectrum-like indicators such as the squared envelope spectrum 
(SES), where the presence of peaks at the characteristic cyclic frequencies are symptomatic of a 
damage on a specific bearing component. 
Springer [4] noticed that the characteristic peaks can shift significantly from the frequencies 
calculated theoretically. The source of deviation was identified in the change of the geometry of the 
bearing itself, as a consequence of particular loading conditions, such as thrust loads or preloading. 
The study was limited to deep grove ball bearing, where thrust change the angle of contact. 
In experimental activities on cylindrical roller bearings, without preloading, it has been noticed how 
the frequencies tend to deviate from the theoretical ones even with low load. Those deviations can 
be particularly troublesome when the assessment of the bearing is performed by an automatic 
algorithm. In this case, even a small shift of the peak can compromise the recognition of a defect. 
This paper presents some indications on the typical magnitude and characteristics of those 
deviations, in the attempt to obtain some guidelines for the programmer of an automatic damage 
recognition algorithm. 
2. An hypothesis on the fundamental train frequency 
In the typical configuration of motors and gearboxes the bearing is mounted with the outer ring 
rigidly joint to the housing and the inner ring fixed on the rotating shaft. 
In this condition, and when load is very low, it is possible to hypothesize that the slip phenomena 
are higher on the inner ring side, where both the surfaces (in motion) supply lubricant in the contact 
area. 
Following this assumption, fundamental train frequency (FTF), representing one absolute 
revolution of the cage around the bearing axis, should always be lower than the theoretical one, 
since the constraint on the outer ring, in steady state, is stronger than the one on the inner ring, in 
motion. 
This consideration on FTF can be extended to the other bearing characteristic frequencies, whose 
link with FTF is presented in Table 1. 
Table 1. Dependence of bearing characteristic frequencies on FTF 
Characteristic frequency Acronym Dependence on FTF Expected deviation 
Ball spin frequency BSF 1
PD
FTF
BD
 
 
 
 Lower 
Ball pass frequency outer BPFO NB FTF  Lower 
Ball pass frequency inner BPFI  1NB FTF  Higher 
 
Since BSF and BPFO are proportional to FTF, the slippage phenomenon introduced qualitatively 
above, is expected to reduce their actual value with respect to the theoretical calculations. On the 
contrary, BPFI should always be found at a higher cyclic frequency than the theoretical value, as a 
consequence of a lower FTF. 
Since the oil film thickness on both races becomes lower at higher loads, the phenomenon should be 
more evident at low loads. For the same reason, an abundance of lubricant should highlight the 
effect. 
In the following section this assumption will be verified with experimental tests. 
3. Experimental test rig 
All experimental examples provided in this paper have been obtained from an industrial scale 
bearing test rig composed by an electric motor of 265 kW, a helical reduction stage with ratio 26:85 
and a brake subsystem, constituted by another electric motor of 875 kW and a secondary reduction 
stage with ratio 27:71. The system is represented in the scheme of Figure 1. 
 
Figure 1. Scheme of the experimental test-rig 
The bearings under investigation, mounted on the input shaft of the primary gearbox, are two 
identical cylindrical roller bearings at the two ends of the shaft. A deep grove ball bearing is 
coupled to the cylindrical roller one on the driven end, functioning as a thrust bearing. 
265 kW motor 875 kW motor 
26:85 
primary 
gearbox 
71:27 
secondary 
gearbox 
The load on the bearings is a function of the torque generated by the motor, thus it can be controlled 
to reproduce different operating conditions. 
4. Experimental examples 
The first example is related to the cylindrical roller bearing installed on the input shaft of the 
primary gearbox, at the driven end. The bearing has been artificially damaged with indentations on 
the inner ring, simulating a bad mounting operation. The test has been performed increasing the 
load linearly over time, while rotational speed has been kept constant (52.8 Hz at the bearing shaft). 
Figure 2 is an envelopegram showing how envelope varies with load condition. It has been obtained 
by splitting the signal in records of 1 second and calculating the average load for each record. The 
signal has been order tracked and the deterministic components, synchronous with the shafts, have 
been removed with a synchronous averaging. An additional step of pre-whitening has been 
performed by means of a cepstrum pre-whitening operation. Finally the squared envelope spectrum 
(SES) of the analytic signal has been calculated for each record. The same process has been applied 
to all the following examples. 
Darker lines in the envelopegram of Figure 2 represent the peaks symptomatic of an inner ring fault: 
BPFI and shaft multiples sidebands. In particular it is possible to notice that the actual BPFI peak is 
always higher than the theoretical one, and the deviation decreases with the increase of torque, 
confirming the theoretical considerations made in the previous section. 
 
Figure 2. Envelopegram of IR damaged cylindrical roller bearing installed on the driven end of the gearbox input 
shaft 
The second example (Figure 3) is related to an identical cylindrical roller bearing, installed on the 
non-driven end of the same shaft. In this case the bearing has been damaged on the inner ring with a 
spall. The load on this shaft, with the same torque-speed conditions of the previous case, is 
approximately halved because of the contribution of the ball bearing, coupled to the cylindrical 
roller one on the non-driven end side of the shaft. The deviation is in this case higher than in the 
previous case, since the load is lower. 
 
Figure 3. Envelopegram of IR damaged cylindrical roller bearing installed on the non-driven end of the gearbox 
input shaft 
The comparison of Figure 2 and Figure 3 confirm both the hypotheses made in the previous section: 
BPFI is always higher than the theoretical one and this deviation is higher for lower loads. 
An additional example is provided in Figure 4, in order to demonstrate that the theoretical 
considerations are valid also for BPFO. The operating conditions are the same as in the previous 
cases, but an outer ring damaged bearing has been mounted on the driven end of the shaft. 
In this case it is possible to notice the BPFO and FTF sidebands, typical symptoms of an outer ring 
fault. In particular BPFO is lower than the theoretical one, and the deviation is decreasing with 
higher loads. 
 Figure 4. Envelopegram of OR damaged cylindrical roller bearing installed on the driven end of the gearbox input 
shaft 
5. Guidelines for the programmer of an automatic bearing diagnostics algorithm 
As clearly visible in all the examples presented in the previous chapter, the typical patterns of 
peaks, identified in the squared envelope spectrum, shift depending on the load applied to the 
bearing. These deviations are stronger if the bearing is lightly loaded, increasing the effect of 
lubrication phenomena. 
An automatic recognition of characteristic damage peaks should consequently focus on bands, 
rather than exact theoretically calculated frequencies, to cope with this variability. On the other 
hand, broadening too much the band could compromise the effectiveness of the algorithm, which 
could misinterpret as damage symptoms peaks that are not linked to bearing dynamics. 
Fortunately, since all the characteristic frequencies are linked by their dependence on FTF and shaft 
harmonics, the patterns of frequencies, characteristic of each type of damage, are shifting on the 
frequency axis in a coherent way. For instance, for inner ring damages, the sidebands of the BPFI 
peak will remain at an exact distance of one order, translating “rigidly” together with the BPFI. 
Similarly the higher harmonics of the BPFI will remain its exact multiples. The same behavior is 
shown by the outer ring and roller damage patterns, where sidebands (FTF) and multiples follow 
the same rules. 
The programmer of an automatic algorithm should consider those dynamics in defining the rules for 
the damage identification: first of all the peaks should be searched in a narrow band extended from 
the theoretical characteristic frequency upward or downward, accordingly to the rules of Table 1, 
then a positive recognition of a damage characteristic peak should be confirmed by verifying the 
presence of multiples or sidebands at the exact orders, calculated once the actual damage frequency 
has been obtained. 
A diagram of the suggested approach is presented in Figure 5. 
 
Figure 5. Diagram for an automatic algorithm of bearing diagnostic, exploiting the properties of the deviation 
dynamics 
Define search band from 
the theoretical damage 
characteristic order 
upwards/downwards 
Identify the actual damage 
characteristic order where 
the highest peak is found 
Is the peak above 
the alarm 
threshold? 
Calculate multiples and 
sidebands frequencies, 
depending on actual order 
of the peak 
NO 
YES 
Is any multiple/ 
sideband above 
the threshold? 
NO 
YES 
NO DAMAGE DAMAGE 
An additional recommendation is, when possible, to operate diagnostics at high loads, in order to 
reduce the effect of the deviations. 
6. Conclusions 
The deviations of the characteristic frequencies for the diagnostics of a localized bearing damage 
have been theoretically discussed and experimentally verified. The dependence of the phenomenon 
on load has been proven by the experimental tests, highlighting the criticality of low load 
conditions. 
The difficulties that deviations introduce for the implementation of an automatic algorithm for 
bearing diagnostics have been discussed. Finally, rules in deviation dynamics have been identified, 
which make possible to implement countermeasures to detect faults even in adverse conditions and 
avoid false alarms. 
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